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INTRODUCTION

Partial melting and fractional crystallization arc generally believed to be

the most fundamcntal processes in the petrogenesis of terrestrial igneous

rocks. Partial melting generates magmas representing the low-temperature

melting fractions of source rocks, leaving behind refractory residues

("restites"). The progressive separation of crystals from melt that we call
fractional crystallization induccs changes in magma compositions and

produces accumulations of separated crystals ("cumulates"). Varying

degrees of partial melting, together with magmatic fractionation, result in

the enormous variety of igneous rocks found on Earth.

Much of modern igneous petrology consists of attempts, using data

from experimcnts, geochemical analyses, and petrographic observations,
to sort out the effects of these processes and to quantify their roles in

specific igneous systems. It is reasonable to expect that these same processes

were also important in producing igneous rocks on extraterrestrial bodies.

The study of achondrites, which are meteorites of magmatic origin, allows

us to explore the generality of our understanding of igneous processes.

This is because magmatic processes within achondrite parent bodies
occurred under different conditions from those operating within the Earth

(e.g. different gravitational fields, source region compositions, hcat

sources, and time scales for magmatic evolution). By comparing the pro-

ducts of magmatic activity on differenl solar system bodies, we may be

able to isolate the effects of different petrogenetic processes and identity,
some of the factors that determine the relative roles of these processes. It

is crucial to recognize physical and chemical constraints on the processes

of partial melting and fractional crystallization if we hope to use our
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knowledge of terrestrial igneous processes as a foundation for planetary

geology. Achondrites greatly extcnd the limited information of this kind
we already have from studies ofhmar rocks to smaller bodies with different

compositions.

Petrogcnetic studies of terrestrial igneous rocks are, of course, not with-

out controversy, even where sampling is adequate and field relationships

are known. Uncertainties in the interpretations of achondrite origins are

exacerbated by the small number of samples available for study, none of
which can be conlidently placed into a geologic context. However, these

meteorites commonly have distinctive geochemical and petrographic

"fingerprints" that allow their classification into kindred groups, and com-

parisons of such related meteorites have provided insights into the igneous

processes that produced them. It seems likely that all members of each

group were liberated from a single parent body, although this point is

arguable. Here, we consider two important achondritc groups-the
cucrites and the urcilites. Both groups were apparently derived from small

planetesimals, i.e. asteroids, although there are other achondrites that may

have had planetary origins (McSween 1985, and referenccs therein).

THE EUCRITE GROUP

The eucrites and their relatives (sometimes referred to as the HED group,

for howardites, eucrites, and diogenites) constitute the largest group of
achondritic meteorites. Studies of these meteorites illustrate how relatively

simple initial petrogenetic models can become complex and sophisticated
as the amount of information about them increases.

Petrography, Geochemistl:v, and Chronology

Eucrites are basaltic rocks, consisting predominantly of pyroxene (pigeon-
ite) and plagioclase, with minor amounts of silica polymorphs, ilmenite,

chromite, troilite (FeS), kamacite (Fe-Ni alloy), phosphates, zircon, and

occasionally olivine (Duke & Silver 1967, Lovering 1975, Wilkening &

Anders 1975, Takeda et al 1983, Treiman & Drake 1985). Many eucrites

are fine grained and have vitrophyric or subophitic textures comparable
to terrestrial basalts, but most are monomict breccias. Many eucrites

have been recrystallized during thermal annealing, which is reflected in

homogenization of the compositions of originally zoned pyroxenes (Miya-

moto et al 1985a) and in clouding of both pyroxene and plagioclase grains

by finely disseminated inclusions (Harlow & Klimenditis 1980). A few

coarse-grained eucrites have preferred orientations of mineral grains, and

their pyroxenes have higher Mg/(Mg+Fe) ratios and show exsolution
textures; these are called cumulate eucrites, Polymict eucrites contain clasts
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of a variety of eucrite and cure ulate cucrite lithologies (Delancy ct al 1984.

Treiman & Drake 1985). Meteorites closely related to the eucrites are

the dioqe, ites, which arc usually brecciated orthopyroxcnitcs commonly

containing minor olivine (Mason 1963, Gooley & Moore 1976, Hcwins

1981) and the howarditex, which are polymict breccias containing clasts of

eucrites, diogcnites, and other related rocks (Bunch 1975, Dymck ct al

1976, Dcsnoyers & Jerome 1977, Ikcda & Takcda 1985). Relative to

polymict eucrites, howarditcs contain a larger diogenite component [esti-

mates for seven howardites range from 23 to 68 vol% (Labotka & Papike

1980, Fuhrman & Papikc 1981)], but there is probably a continuum

between these kinds of breccias (Dclaney ct al 1983). Mesoshh,rites are

breccias containing a significant metal fraction mixed with diogcnitic and
gabbroic material (Floran 1978, Mittlefehldt 1979, Prinz ct al 1980): their

connection with the eucrite group is uncertain, however, so they are not
considered further here.

All of these meteorites are anhydrous and equilibrated under highly
reducing conditions (Hewins & Ulmer 1984), comparable to lunar basalts.

Another important chemical characteristic shared among them is a simi-

larity in oxygen isotopic composition. This parameter is commonly used

to distinguish meteorite samples originating on different parent bodies.

Any igneous process that discriminates betwecn oxygen isotopes will affect

the t_O/'_O ratio by twice as much as the _70/]_'O ratio, resulting in a

smearing of rock compositions along a line of slope 1/2 on a plot of 6170
versus 6180. As shown in Figure I, the eucrite group defines a line parallel

to but clearly displaced From the terrestrial mass-fractionation line (Clay-

ton & Mayeda 1983). The oxygen isotopic compositions of eucrite group
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eucrites (Clayton & Mayeda 1983) and urcititcs (Clayton & Maycda 1988). The terrestrial

mass-fractionalion line and a mixing line for componenls of the Allende carbonaceous

chondrite arc shown for reference.
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samples are thus consistent with their formation on the same parent body.

(However, lunar samples fall along the terrestrial mass-fractionation line.

This fact points to an obvious problcm in using oxygen isotopes as finger-

prints of one specific body. It does provide evidence, however, of a close

genetic link between the Earth and Moon.)

The crystallization behavior ofeucrite melts was investigated by Walker
et al (1978a) and Powell et al (1980), who concluded that these magmas

cooled from liquidus to solidus temperatures in times ranging from hours

to tens of years. Miyamoto & Takeda (1977) and Takeda (1979) inferred

the subsolidus cooling histories of various members of the eucrite group

based on the widths of pyroxene exsolution lamellae. Subsolidus cooling

rates were apparently slower than those through the crystallization
interval.

Two basalt fractionation trends have been recognized among eucrites

(Stolper 1977) and have been identified in the clast populations within

howardites (Delaney et al 1981 ) and polymict eucrites (Delaney et al 1984,

Ikeda & Takeda 1985). These trends differ primarily in thcir alkali contents,

which results in differences in plagioclase composition for a given pyroxene

Mg/(Mg+ Fe) ratio (Figure 2). Most noncumulate eucrites plot in a cluster
(the "main group" eucrites) in this diagram along trend A (also called the

"Nuevo Laredo'" trend after one prominent member); trend 13 has been

called the "Stanncrn" trend. Meteorites in trend A are depleted in incom-

patiblc tracc elements relative to those in trend B. Delaney (1987) explained

these trends as originating by melting of different sources, followed by
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Figure 2 Plot of mole fraction of anorthite in plagioclasc versus mole fraction of enstatitc

in pyroxene, showing two dislinct groups of basalls (indicated by open and tilled symbols)

in eucrites and howardites (Dclancy et al 1981, Ikeda & Takeda 19851. All analyses are bulk-

rock compositions except lot stars, which are calculated liquid composilions in equilibrium

with cumulates,



ACHONDRITES 123

fractional crystallization; he envisioned a complex parent body with a serial

pattern of magmatism, lkeda & Takeda (1985) argued for fractionation in

different parts of a magma ocean that was compositionally stratified by

escape of volatiles from its top.

Rb-Sr, Sm-Nd, and U-Pb ages for the eucrite group mostly fall in the

range 4.4 4.6 Gyr, with very primitive initial _7Srff_Sr and 143Nd/la4Nd

ratios [Papanastassiou & Wasserburg 1969, Tatsumoto et al 1973, All_gre
et al 1975, Lugmair & Scheinin 1975, Unruh et al 1977, Birck & Atl6gre

1978, Basaltic Volcanism Study Project 1981 (Chap. 71, Jacobsen &

Wasserburg 1984, Nyquist et al 1986], although a few ages are as young
as 2.6 Gyr. The 4.4_4.6 Gyr ages are generally interpreted as the time of

crystallization, and younger ages are thought to reflect resetting by shock,

as corroborated by a wide spectrum of 4°Ar/_9Ar ages (e.g. Bogard et al

1985). Sm-Nd crystallization ages for cumulate eucrites appear to be

younger (approximately 4.4 Gyr) than those for noncumulate eucrites

(4.5 4.6 Gyr) (Carlson et al 1988); however, these apparently younger ages

may have resulted from slow cooling at depth (Nyquist et al 1986).

Parent Body

The ancient crystallization ages just discussed and the very primitive initial
SVSr/_Sr and 1"_3Nd/'144Nd ratios of eucrites indicate that the parent body

had a short and relatively simple igneous history, such as that expected

for an asteroid. Most geochemical models for eucrite source regions (Con-

solmagno 8,: Drake 1977, Dreibus et al 1977, Hertogen et al 1977, Morgan

et al 1978) are consistent with this idea, as the inferred sources appear to

have had compositions that were approximately chondritic rather than

having been previously differentiated. However, other data on the sidero-
phile element concentrations in eucrites suggest that this body may have

experienced core formation (Palme & Rammensee 1981, Newsom 1985).
By assuming that subsolidus crystallization ofpyroxenes reflects relative

cooling rates at different depths, Miyamoto & Takeda (1977) and Takeda

(1979) constructed a "layered crust" model for the eucrite parent body, in

which diogenites and cumulate eucrites formed at deeper levels than
eucrites. In this scenario, howardites and polymict eucrites are impact

breccias that sampled materials from various levels. Nyquist et al (1986)

suggested that polymict eucrites were deposited in ejecta blankets, whereas

monomict cucritcs, which are commonly thermally annealed, were samples
from crater floors or walls.

Asteroid 4 Vesta has spectral reflectance characteristics that are very
similar to those of the eucrite group (McCord et al 1970, Larson & Fink

1975, Feierberg et al 1980, Gaffcy 1983) and has been suggested to be the

eucritc parent body (Consolmagno 1979, Drake 1979). The maximum
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pressureswithintileinteriorof thisasteroidareestimatedtobelessthan
2 kbar. The small, near-Earth asteroids 3551 RD (Bell 1988) and 1915

Zuetzalcoatl (McFadden et al 1985) have spectral signatures similar to
cucritcs and diogenites, respectively, and could be fragments ol" Vesta or

some similar body'.

Partial Melting or Crystal Fractionation?

Nowhere do competing arguments for partial melting versus fractional

crystallization as the dominant process come more into focus than in

discussions ot" the origin of the eucrite group. The principal challenge in
interpreting these meteorites is to understand how relatively iron-rich

basaltic liquids, which crystallized to form the eucrites, are related to the

more magnesian pyroxenes and olivines in diogenites and howardites. It

seems clear that diogenites cannot be refractory residues from partial

melting, because residual solids lk_rmed during low-pressure melting have

higher olivine/pyroxene ratios than the starting material (Warren 1985).

If the starting material were chondrilic, as is appropriate for an asteroidal

body, it would consist dominantly of olivine. Residues from partial melting
would thus have vcry high olivine/pyroxene ratios, unlike the pyroxene-

rich mineralogy' of diogenites. Diogenites, then, must be cumulates rather

than residues, but how are they related to eucrites?

One-atmosphere melting experiments (Stolper 1977) indicate that eucrite

compositions are multiply saturated with olivine, pigeonite, plagioclase,

spinel, and metal. In other words, eucrite compositions cluster near the

tow-pressure peritectic involving these phases, as illustrated in the pro-
jection in Figure 3. The signilicance of this peritectic is that it is the locus

of liquids produced by partial melting of plagioclase-bearing peridotite

(which is basically what chondrites are). So long as olivine, low-Ca

pyroxene, and plagioclase remain in the source region, the compositions

of derived melts will remain on this peritectic. When plagioclase is fnally

exhausted from the residue, the liquid will advance along the olivine-

pyroxene cotectic (Figure 3) as melting proceeds. When low-Ca pyroxene

is finally lost as a residual phase, the liquid then moves into the olivine
primary phase tield. Slolper (1977) viewed most eucrites as nearly primary

magmas generated by varying but generally low degrees of partial melting

of the same source region. This model not only explains why eucrite

compositions cluster around the peritectic, but it is also consistent with
observed incompatible element trends. By' modeling incompatible element

concentrations, Consolmagno & Drake (1977) calculated that eucrite

magmas required 5 15% melting of a chondritic source. Magmas pro-

duced by, higher degrees of melting, although lying along the olivine-

pyroxenc cotcctic and thus saturated with olivine, would crystallize only
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Ftqure 3 Pseudoliquidus diagram for the olivine-plagioclase-silica systen_l, projected frolll

diopside. Phase boundaries are based on multiply saturated liquid conaposilions from experi-

ments by Stolpcr (1977). Circles are compositions of noncmnulate eucrites (Basaltic Vol-

canism Stud}' Project 19S[, Chap. 3).

magnesian pyroxene when separated from their source region. In Stolper's
model, fractional crystallization of such liquids produced the cumulate

orthopyroxenes in diogenites. A few magnesian basaltic clasts in polymict

breccias (Smith 1982) could be representative of such parental magmas

for diogenites.

It has also been argued that magnesian parental magmas underwent
fractional crystallization to produce cumulate diogenites and ultimately

eucritic residual liquids (Mason 1962, McCarthy et al 1973). The near-

continuum in pyroxene compositions among diogenites, cumulate eucrites,

and eucrites is consistent with this petrogenetic model. On the other hand,

this model requires that the olivine-pyroxene cotectic in Figure 3 be either

a subtraction curve or a reaction curve that remains tangential to pyroxene,
so that fractionating liquids reaching this curve from the olivine primary

phase field would follow it to the reaction point. Stolper (1977) suggested

that this boundary is a reaction curve at Iatm, and calculations by

Longhi & Pan (1988) corroborate this reaction relationship. Consequently,

fractionating liquids reaching this curve would immediately cross into the

low-Ca pyroxene primary phase field and then move directly away from
the pyroxene composition to intersect the pyroxene-p[agioclase boundary,

bypassing the reaction point. Nevertheless, the fractionation model has

recently been revived by considering other factors that might alter the

nature of the olJvine-pyroxene boundary curve. Warren (1985) suggested

that the boundary, although a reaction curve, is so nearly radial to py-
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roxenethatfractionationof low-Capyroxeneproduceseucriticresidual
liquidsanyway.It hasalsobeennotedthat theprojectionin Figure3
suppressesanyeffectthatchangingtheMg/(Mg+Fe)ratioof thefrac-
tionatingliquidmighthaveon thiscurve.A numberof workers(Jones
1984,lkeda& Takeda1985_Delaney1987,Hewins1987)havearguedthat
achangingMg/(Mg+ Fe)ratiocausesthisboundarytobe,atleastinpart,
a subtractioncurve.However,furtherexperiments(Beckett& Stolper
1987)andcalculations(Longhi& Pan1988)reaffirmedthatthis is a
reactioncurveat 1armlbr liquidsthatcouldgenerateeucrites_andthat
fractionationofproposedparentalmagmasfordiogenitescannotproduce
eucrites.Thesemagmascouldproduceorthopyroxenesof similarcom-
positionto thosein diogenites,but thercis no obviouswayto relate
diogenitesandeucritcsby a single-stagefractionationprocessat low
pressure.

Onefactorthaimightalterthecharacteroftheolivine-pyroxenebound-
aryis increasedpressure.Althoughpressureswithintheinteriorsof even
thelargestasteroidsareonlyafewkilobars,theymaybesufficienttoallow
diogenitcpyroxenesandeucriteliquidsto formalongacommonliquid
lineof descent.Longhi& Pan(1988)calculatedthat fractionalcry-
stallizationcouldproducebothmeteoritetypesif it occurredat about2
kbar,althoughthepressureuncertainty(+ 1kbar)in theiralgorithmis
considerable.Thishypothesishasyettobeestablishedexperimentally,but
if it istrue,thefractionalcrystallizationmodelmaybecomeamoreattrac-
tivealternative.

Theexistenceof twodistincttrendsamongeucrites(Figure2)canbe
explainedbyeitherpetrogeneticmodel.Advocatesof thepartial-melting
modelwouldappealto varyingdegreesof partialmelting,whicheither
exhaustedplagioclase(trendB)or left it behind(trendA) in thesource
residue.In thefractionationmodel,thesetrendscouldbeaccountedfor
byderivationofmeltsfromdistinctsourceregions,followedbyfractional
crystallizationandpossiblymagmamixing(Hewins1987).Alternatively,
onetrendcouldrepresentfractionalcrystallizationandtheotherapartial-
meltingsequence(Warren& Jerde1987).

A potentialproblemfor thepartial-meltingmodelis theargument,
basedonlowsiderophilcelementabundances,thattheeucrJteparentbody
experiencedcoreformationbeforeproductionofeucrites.Newsom(1985)
suggestedthatthisevidencefavoredthefractional-crystallizationmodel
becausemetalsegregationwouldrequireahigherdegreeofmeltingthan
thathypothesizedfortheoriginofeucriteprimarymagmas.

Thefractional-crystallizationmodelsuffersfromtheneedto havea
fairly large(500_1000km radius)parentbodyto providetherequired
pressures.Theabsenceamongmeteoritesof volcanicequivalentsof the
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magmas that produced diogenites is also perplexing (Stolper 1977. Longhi

& Pan 1988) because these would have been less dense than eucritic melts

and should have erupted preferentially' if present in the same magma
chambers.

UREILITES

As in the case of the eucrites, the respective roles of fractional cry-

stallization and partial melting in ureilite petrogcnesis arc contested. How-

ever, the situation with ureilites is even more complex, the ureilites are

arguably the most perplexing group of achondritcs.

Petrography, Geochemistry, and Chronology

Ureilites are relatively coarse-graincd ultramafic rocks consisting of olivine

and pyroxene (pigconite) in various proportions (usually with olivine pre-

dominant) and in some cases also containing augite and orthopyroxene

(Vdovykin 1970, Neuvonen et al 1972, Berkley et al 1976, 1980, Berkley

1986, Takeda 1987, Goodrich et al 1987a). Interstitial to these phases is

an opaque, fine-grained, heterogeneous assembhige consisting mostly of

graphite (and its polymorphs, diamond and lonsdaleite, in highly shocked

samples), along with kamacite, troilite, and other accessory minerals. Most

of this carbonaceous matrix is distributed between silicate grains, but it

also occurs along fracturcs and cleavage planes within silicates. Some
workers have suggested that carbon was mixed with silicates in the nebula

(Takeda et al 1980, Janssens et al 1987) or was injected late into the solid

ureilite silicate assemblage (Boynton et al 1976, Wasson et al 1976, H iguchi

et al 1976), but recent petrographic observations indicate that graphite
was a primary magmatic phase (Berkley et al 1980, Berkley & Jones 1982).

In further support of this idea, Goodrich & Berkley (1986) noted the

presence of cohenite- and sulfide-bearing metallic spherules as inclusions

in olivine and pigeonite, presumably crystallization products of immiscible,

carbon-saturated melts of Fe-Ni-C-S composition that were present in the

ureilite parent magma.

Pyroxene geothermometry for ureilites yields equilibration temperatures
above 1200C (Takeda 1987). The large grain size and chemical homo-

geneity of olivine and pyroxene in ureilitcs suggest that they crystallized

relatively slowly. On the other hand, the absence of exsolution lamellae in

pigeonite may suggest that these achondrites were quenched from above

the solvus (Berkley et al 1980, Takeda 1987). The high Ca content of

ureilite olivine has also been cited as evidence for quenching, but this may

have resulted from crystallization of this phase at high temperature prior
to the appearance of Ca-bearing minerals (Goodrich et al 1987b). The
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outerrimsof olivineandpigeonitegrainsaremoremagnesianthanthe
coresandcontaindisseminatedmetallicFe.Thisfeaturehascommonly
beeninterpretedto resultfromreductionof Fein silicatesby reaction
withgraphilc(Marvin& Wood1972,Wlotzka1972,Berkleyetal 1976).
Correlationsof Fe/Mn,Fe/Cr,andFe/CawithFe/Mginolivinessupport
thisidea(Goodrichctal 1987b,Takeda1987);however,theimportance
of reductioninestablishingureilitecompositionshasbeenquestionedby
Clayton& Mayeda(1988),asdiscussedbelow.Takentogether,these
observationssuggestthatureiliteshada two-stagecoolinghistory.One
possiblescenariois thatureilitesbeganto coolslowlyatdepthbutwere
rapidlyquenchedbyimpactexcavation(Wassonetal 1976,Berkleyetal
1980,Miyamotoetal 1985b).

Berkleyetal (1980)recognizedthreedistinctcompositionalgroupsof
ureilites,basedon themolarFeO/MgOratiosinolivinecores.Average
olivinecompositionsforthesegroupsare79,84,and91mol%forsterite.
It is unclearif thesegroupsrepresenteitheran incompletelysampled
continuumof ureilitecompositionswithinoneplanetesimalor samples
fromseveralparentbodiesofdifferentcomposition.

Themostunusualfeatureof ureilitesis theiroxygenisotopiccom-
positions.In contrastto theeucritegroup,thesemeteoritesdonotdefine
a singlemass-fractionationline(Clayton& Mayeda1988),asshownin
Figure1.This impliesthat eitherthesemeteoritesdid not comefrom
thesameparentbodyor elsetheparentbodywasneverhomogenized
isotopically.Ureiliteoxygenisotopiccompositionsresemblethoseofcar-
bonaceouschondrites,in thattheyfall alonga mixinglinedefinedby
componentsandbulkcompositionsofsuchmeteorites.Clayton & Mayeda

also noted an apparent relationship between oxygen isotopic composition

and FeO/MgO group.

Many of these meteorites are heavily shocked, and Vdovykin (1970)
based his ureilite classification scheme on shock features. The most promi-

nent shock features are mosaicism of olivines and the production of high-

pressure polymorphs of carbon. Some of the more highly shocked ureilites
are polymict breccias, containing a variety of feldspathic clasts (Jaques &

Fitzgerald 1982, Prinz el al 1988).

Ureilites contain signiticant quantities of trapped, planetary noble gases,
most of which are contained in diamond (Gobel et al 1978, Begemann &

Ott 1982). These gases presumably resided in graphite prior to shock

(Janssens et al 1987). The isotopic composition of carbon in analyzed
ureilites falls into two groups, with 6 _3C of approximately 2 and I0 (Grady

et al 1985). Unlike the oxygen isotopes, these groups do not correlate with

any FeO/MgO groups.

The only radiometric age data for ureilites were reported by Goodrich
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et al (1988). The isotopic compositions of Rb and Sr are inhomogeneous

in three analyzed meteorites and do not yield isochrons. On a Sm-Nd
isochron plot, whole-rock samples define a line with slope corresponding

to an age of 3.74 Gyr. There is no correlation between _TSr/_6Sr and

143Nd/_44Nd. If this line is an isochron, the age is surprisingly young. It

seems more likely that it is a mixing line between one end member repre-

senting the ultramafic assemblage and another enriched in light rare earth

elements (REE). If the ultramafic assemblage formed at 4.55 Ga and the

light REE-enriched component is a differentiate of similar material, the

latter's age is 3.74 Gyr.

Parent Planetesimal(s)

There is little evidence on which to speculate about the nature of the

ureilite parent body (or bodies). Most researchers accept that ureilites are

derived from an asteroidal source. The oxygen isotopic diversity exhibited
by the ureilite group is also seen within single, brecciated ureilites (Clayton

& Mayeda 1988), which suggests that these meteorites were likely derived

from a single parent body that was not homogenized by igneous differ-

entiation. Geochemical modeling (Janssens et al 1987, Goodrich et al

1987b) is most compatible with a carbonaceous chondrite bulk compo-

sition, and the near-chondritic concentrations of siderophile elements sug-

gest that the parent object had not experienced metal segregation to form

a core (Janssens et al 1987). Goodrich et al (1987b) suggested that the

ureilite parent body was fairly large (minimum radius of 235 kin, as

discussed below). However, this size constraint may be somewhat elastic
(Walker & Agee 1988), permitting smaller parent bodies to be considered.

Although no ureilitelike body has been recognized among spectrally

analyzed asteroids, the petrographic variations seen in ureilite polymict

breccias, the wide range of shock features observed in ureilite samples,

and the relatively featureless spectra of ureilites (Gaffey 1976) make it

difficult to know what characteristics might be diagnostic in asteroid spec-

tra. Goodrich et al (1987b) suggested that the ureilite parent body may
have been disrupted, and fragments may be unrecognizable because of

spectral diversity.

Cumulates or Residues from Partial Melting?

The origin of ureilites has been debated for many years. Three principal
lines of evidence, based on textures, modal mineralogy, and trace element

geochemistry, have been employed to advance one preferred model or
another.

Compact polycrystalline aggregates of interlocking grains with triple

junctions seen in many urcilitcs could be consistent with their formation
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either as adcumulates or as residues from partial melting (Boynton et al

1976, Higuchi et a11976, Takeda 1987). Analyses of the optical orientations
of olivine and pigeonite grains in ureilites (Berkley et a11976, 1980) demon-

strate that these meteorites display strong mineral lineations and layering.

Berkley et al argued that cumulate processes produced these textural

features. They suggested that these textures are more like those of ter-
restrial adcumulate rocks than of restites, in which triple-junction inter-

facial angles are generally rounded. Moreover, a few ureilites contain
unusual features, such as euhedral crystals and size-graded layering, that

are more compatible with a cumulate origin than with a recrystallized

residue from partial melting.
Walker & Agee (1988) performed melting experiments in a thermal

gradient on the Allende carbonaceous chondrite, a plausible source
material lbr ureilites considering their oxygen isotopic and siderophile

trace element compositions. They were able to produce compact crystalline

aggregates of silicate crystals, largely free of interstitial liquid, that
resembled ureilites in texture. However, sulfide melts in their experimental

charges were unable to disentangle themselves from olivines and could not

migrate in the thermal gradient, as interstitial silicate liquids were able to

do. This difference in behavior apparently results from the distinct wetting

properties of sulfide and silicate melts against olivine, and its result is that

melting residues cannot purge themselves of sulfide liquid. Walker & Agee
(1988) suggested that the sulfide-poor ureilites are thus unlikely to be

compacted residues from the melting of a carbonaceous chondrite source

unless sulfide was removed by some other process: for this reason, they

favored a cumulate origin.

The simple mineralogy of ureilites is consistent with either an adcumu-

late or melting residue origin, and in fact the relative proportions of olivine,

pigeonite, and augite among different ureilites have been cited as evidence
for both models. The overall assemblage of olivine + pigeonite + graphite

is a plausible crystal extract fl'om liquids produced by melting of car-
bonaceous chondrites (Walker & Agee 1988). Berkley et al (1980) suggested
that observed modal variations are difficult to reconcile with the formation

of ureilites as residues from partial melting. Different degrees of partial

melting would certainly be expected to cause variations in modal olivine/

pyroxene ratios but possibly not of such a wide range. Ryder (1981)
and Warren & Kallemeyn (1988) claimed that the pyroxene/olivine ratio

in urcilites is too low for cumulates but is in the range expected for melt

residues. Their argument, however, assumes cotectic crystallization of

olivine and pyroxene, and as Berkley (1986) has pointed out, pigeonite

may be a postcumulus phase in at least some ureilites.
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Thepresenceof millimeter-sized,euhedralgraphitecrystalsin un-
shockedureilites,whichwouldnecessarilybecumulusgrainsin the
adcumulusmodel,maybedifficultto reconcilewithconventionalmech-
anismsforcrystalaccumulation,suchasgravitationalsettling(Walker&
Agee1988).Thereisnoapparentreasonwhylow-densitygraphiteshould
beconcentratedalongwitholivineandpigeonite,whichhavehigherden-
sitiesthantheirparentliquids.However,otherconcentrationmechanisms
notinvolvingbuoyantforceshavebeenenvisionedforterrestrialcumulate
rocksandcouldapplyto ureilites.In fact,theoccurrenceof mineral
lineationsinureilitesmaysuggestaccumulationinadynamicflowregime
(Berkleyetal 1980).

AnotherpeculiarityoftheureilitesistheunusualV-shapedREEpattern,
themeaningof whichisstilldisputed.ThelightREEappearto becon-
centratedin anasyetunidentifiedphasethatmaybeunrelatedto the
primarysilicateassemblage,possiblyintroducedatsomelaterstage(Spitz
& Boynton1986).Boyntonet al (1976)suggestedthatfractionationof
olivinefromamagmawithchondritic-relativeREEabundancescouldnot
producethesteepslopeof theheavyREEpattern,andthustheyfavored
arestiteorigin.However,newolivine/liquiddistributioncoefficientsfor
REE(McKay1986)producepatternsmuchsteeperthanpreviously
thought,andfractionationmodelsusingthesecoefficientsappeartorepro-
duceureiliteheavyREEpatterns(Spitz& Boynton1986).Spitz& Good-
rich(1987)havealsoshownthatpartialmeltingcannotreproducenegative
Euanomaliesin residueslikethoseseeninureilites.

Onbalance,theevidencepresentedaboveseemsto favora cumulate
originforureilites,althoughnoclearconsensusonthispointhasemerged.
If thesemeteoritesareadcumulates,theypresumablyformedbyenlarge-
mentof cumuluscrystalsthroughreactionwith intercumulusliquidsin
contactwiththemainmagmareservoir.Almostnoneof theintercumulus
materialremains,ascorroboratedbythelowincompatibleelementabt,n-
dancesin thesemeteorites.Berkley & Jones (1982) suggested thai an

immiscible metallic liquid may have sunk through the cumulus pile, facil-

itating the expulsion of interstitial silicate liquid, although the wetting

properties of sulfide melts may suggest that such a process is unlikely. If, on

the other hand, ureilites are residues, the melt fraction has been very effec-

tively removed. Walker & Agee's (1988) melting experiments suggest that al-

most complete removal of interstitial silicate melt from crystalline residues
is possible in a thermal gradient. Takeda (1987) proposed a fractional

fusion process in which the amount of melt present at any time was

very small. His model has the advantage of preserving grain orien'.ations
during recrystallization, but it cannot account for the removal of sultides.
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Origin of Ureilites

If we accept the argument that ureilites are cumulates, the first question

we might ask is whether or not all of these meteorites could have been

derived from one parent magma. The oxygen isotopic data already dis-
cussed apparently require that ureilites cannot in general be comagmatic.

Goodrich et al (1987b) noted that CaO/AI20_ ratios in ureilite olivines and

pyroxenes are correlated, but that significant variations in these ratios

occur between different ureilites. Because these variations cannot be pro-

duced by olivine fractionation, Goodrich et al inferred that these meteorites

must have crystallized from several distinct magmas.

Using pigeonite/liquid distribution coefficients, Goodrich et al (1987b)

estimated the molar CaO/AI_,O3 ratios for ureilite parent magmas to be
significantly higher than the chondritic ratio. They argued that partial

melts with nonchondritic CaO/AI203 ratios could not be derived from a

chondritic source because of the empirical observation that eucrites have

essentially chondritic CaO/AI203 ratios. (This argument assumes that

eucrite compositions represent direct partial melts, not fractionation pro-

ducts.) Instead, ureilites require plagioclase-depleted sources, which

implies that some earlier differentiation had occurred. The model

developed by Goodrich et al thus involves several steps. (a) Chondritic

material undergoes a high degree of partial melting, leaving a plagioclase-
depleted residue; (b) fractional crystallization of the liquids generated in

step (a) produces ultramafic and feldspathic cumulates; and (c) remelting

of these mafic cumulates [or of the residue in stage (a)] produces ureilite

parent magmas.

There are several major objections to this model. For their calculation,
Goodrich et al (1987b) assumed 10% melting in stage (a), 10% frac-

tionation of this magma to produce the cumulate source in stage (h), 3%

remelting in stage (c), and 1% crystallization of this parental magma to

produce ureilite cumulates. Ureilite production by this model is clearly an

inefficient process. Multiplying through all of these percentages, we see

that ureilites represent only 3 ppm of the original parent body source. It
is hard to believe that such rare samples should occur so frequently without

sampling other related rocks from this parent body. Another objection

stems from the oxygen isotopic data. Several stages of parent body differ-

entiation should have homogenized its oxygen isotopes. If all ureilites are

derived from the same body, it must have been undifferentiated at the time

that ureilite parent magmas were formed.

Takeda (1987) and Prinz el al (1988) suggested that impacts into a
primitive, carbonaceous chondritelike asteroid would cause melting in
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localizedpockets,andthatureilitesrepresenttheresiduesfromtheseevents
afterseparationof melt.Thismodelmightalsoexplainthediversityof
oxygenisotopiccompositions.

Warren& Kallemeyn(1988)suggestedthatcatastrophicdisruptionof
multipleureititeparentbodiesby impact,followedby incompletere-
assembly,mayexplainthecharacteristicsofthesemeteorites.If theparent
bodieswerelargelymoltenwhenimpacted,thereaccretedcrystalline
materialandcarbon-richfluidmightmimicthepropertiesof ureilites.

Heatingor coolingin a thermalgradientremovesthenecessityof a
gravityfieldforproducingcumulatetextures(Walker&Agee1988).Plane-
tesimalheatingcouldcausesegregationofmeltinward,formingaureilite
outershellneartheexteriorsurface.If suchaprocessoccurredonnumer-
oussmallbodiesof slightlydifferentcomposition,it couldexplainthe
complexityinoxygenisotopes.

Goodrichet al (1987b)proposedthat ureilitesexperiencedvarious
degreesof reduction,presumablybyreactionwith graphite,aftertheir
formation.ThegraphitefOEbufferispressuredependent,sothisvariable
reductionmayhaveoccurredbymeansof equilibrationatdifferentpres-
sures.Goodrichetalsuggestedthatureiliteparentmagmascrystallizedat
variousdepths,butthatnonewerenearthesurfacebecauseat least50
200barspressureisnecessarytostabilizeFeOrelativetometallicFe.They
estimatedthattheminimumradiusfor theureiliteparentbodywas235
km,basedon therequirementthatthegraphitebufferbeaboveiron-
wustitefO=at 120ffC.Clayton& Mayeda(1988),however,foundacor-
relationbetweenoxygenisotopiccomposition(aprimaryfeature)andbulk
Fecontentin ureilites.Fromtheirobservations,it appearsthatoriginal
parentbodycharacteristics,whichwerepresumablyestablishedin the
nebula,mayexplainthesefeaturesbetterthanreductionon theureilite
parentbody.Clearly,manyaspectsof thepetrogenesisof ureiliteshave
notbeenresolved.

IMPLICATIONS FOR PLANETARY MAGMATISM

Whatinsightscanbedrawnfromthisexaminationofigneouspetrogenesis
on severalsmall,asteroidalbodies'?It is clearfromtheabundanceof
undifferentiatedmeteorites(chondrites)inourcollectionsthatmanyas-
teroidsmusthaveescapedthermalprocessing,andunderstandingthe
possiblecompositionaldifferencesbetweengeologicallyprocessedand
unprocessedparentbodiesmayhelpexplainthisdistinction.Achondrites
provideimportantinsightsintothechemicalcompositionsof theirparent
asteroids,but it is necessaryto distinguishbetweenrivalpetrogenetic
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modelsto obtainthis information.To usetheeucriteparentbodyas
anexample,thepartial-meltinghypothesisrequiresa muchlowermolar
MgO/(MgO+FeO)ratio (0.68, as typified by the parent body composi-

tion calculated by Hertogen et al 1977) than the fractional crystallization

hypothesis (0.80, as in the model of Dreibus et al 1977). Chronologic data

and constraints on asteroid size that are provided by achondrites may
also aid in understanding why some asteroids have experienced melting.

A second point is that primary (unfractionated) magmas are thought to

be rare among erupted lavas on the Earth (Basaltic Volcanism Study

Project 1981, Chap. 1), possibly because the crust acts as a density

filter for primary compositions (Stolper & Walker 1980). Does fractional

crystallization also modify most magmas on small bodies'? if the partial-
melting model for eucrite petrogcnesis is ultimately proven to be correct,

it suggests that ascending primary magmas may be less likely to undergo

extensive tYactionation within small planetesimals than within large planets.

On the other hand, if fractionation at very modest pressures is demon-

strated to have produced cucrites, we may assume that fractional cry-

stallization is a pervasive process that probably affects primary magmas

generated within bodies of virtually any size.

The evidence for crystal fractionation in ureilites seems less equivocal,
although the origin of these meteorites is still contested. If we accept that

they formed as adcumulates, this may lend credence to the idea that

fractionation is an important process even on small bodies. This conclusion

holds in spite of the fact that the inferred parental magma compositions
for ureilites were rather different from those of terrestrial cumulates. The

significance of magma compositions in affecting mechanisms of crystal

accumulation must await a better understanding of the crystal segregation

process that may have actually formed ureilitcs.

Walker et al (1978b) constructed numerical models of crystal settling

and melt segregation within the eucrite parent body, but their results are

probably applicable to any planetesimal. Their calculations confirm that

a small gravitational acceleration decreases the accumulation efficiency of
crystals, but ,q values appropriate to asteroids even I km in radius appear

to allow separation of crystals fi'om melt. Separation of a small amount

of melt dispersed throughout the source region, as implied by the low

degrees of partial melting envisioned for eucritic magmas, is a more chal-

Icnging problem. The calculations of Walker et al require larger bodies,

perhaps 10 I00 km in radius, to segregate and remove small percentages

of melt before they solidify in place. However, 9 is not the limiting factor
in this case, but it is rather the necessity of having a compacted interior.

A third conclusion from the study of achondrites is that magmatic
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activity on both the eucrite and the ureilite parent bodies appears to have

been more complex than has been generally appreciated. The ancient
crystallization ages for eucrites and geochemical constraints on source

"'feedstocks" have been used to argue for a one-stage heating model of

chondritic material, possibly by decay of short-lived radionuclides or other

heat sources unique to the early solar system. However, it is doubtful that

eucrites and diogenites are related by a simple fractionation process, even

at elevated pressures, and a rnultistage melting or fractionation history

may be required. The apparent difference in crystallization ages for cumu-

late and noncumulate eucrites may also indicate a more complex thermal

evolution. Fractionation models involving pervasive melting to produce a

magma ocean on the eucrite parent body are probably too simplistic,

and advocates of these models must continually adjust them to lit new,

complicating observations. If, instead, eucrites are primary magmas, rnelt-
ing of several different sources may be necessary to account for their

compositional diversity. Differing source regions could have been pro-
duced by serial magmatic activity, as plutons were added to previously

unmelted source regions, which were then melted at a subsequent stage.

It seems likely that ureilites likewise were produced by melting of chon-

dritic sources soon after their accretion into planetesimals, but com-

plications can be seen in this case as well. The biggest surprise from the

study of ureilites is that partial melting may not automatically produce

parent body wide homogenization of oxygen isotopes. (This is obviously

true only if a single parent body was involved.) This difference may be
related to the range of isotopic diversity in the source regions of this body,

but it is nonetheless unexpected and may have implications for other

isotopic systems, such as those used for chonology. Alternatively, if urei-

lites were derived from multiple parent bodies, they all experienced the

same igneous processes, despite slightly different bulk compositions.
A final conclusion has to do with representative sampling. Why, are

ureilites so mineralogically similar when related clasts in polymict urei-

lites hint at a much more petrologically diverse parent body? And if the

fractional crystallization model for eucrites is ultimately shown to be

correct, why are there few if any representatives of primitive parental
magmas for eucrites preserved as meteorites'? This situation parallels that

for midocean ridge basalts. If, as some suggest, most of these basalts

are derived from fractionation of primitive picritic magmas, then some

explanation is required for why they are so rarely sampled.

In the case of the eucrite parent body, the available samples basalts,
lesser amounts of cumulates, and regolith breccias composed of both

components make sense from a geological perspective. Gaffcy (1983)
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hasproduceda spectralmapof asteroid4 Vestathatshowsa surface
dominatedby eucritelikematerial,punctuatedwith roundareas(pre-
sumablycraters)containingdiogcnitelikematerial.Theclearimplication
is that this is igneousstratigraphy(basaltsoverlyingcumulaterocks)
exposedbyimpacts.Withthatbackground,it issomewhatsurprisingthat
wehaveonlycumulate,orpossiblyrestite,samplesfromtheureiliteparent
body.Wherearethevolcanicrocks'?Walker& Agee(1988)havemadean
intriguingsuggestionthat theureiliteaccumulationprocessmayhave
occurredneartheoutsidecoolingsurfaceof theparentbody,withliquids
segregatingintheinterior;however,muchworkremainstobedonebefore
thisradicalhypothesisisgenerallyacceptable.

It isalsoperplexingthatwehavenosamplesof thesourceregionsin
theinteriorsof eitherof theseparentbodies(if theureilitesareadcumu-
lares),particularlyin lightof suggestions that asteroids have commonly

been catastrophically disrupted and reassembled into gravitationally

bound rubble piles (Taylor et al 1987). Surface impacts into such bodies

should sample all kinds of materials originally formed throughout the
interiors, but for achondrites this does not seem to be the case. Petro-

graphic sampling of igneous source regions may be as difficult on asteroids
as it is on the Earth.

From this survey, it is clear that studies of achondrites have not achieved

a consensus regarding the melting and crystallization histories of asteroids.

Nevertheless, progress is being made, and it is encouraging to see that

petrological principles gained from terrestrial experience can be extended
to other solar system bodies.
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